T
he degradation of plant cell wall polymers by soil microorganisms is a key step for carbon cycling in many ecosystems. Bacteria and fungi express enzymes for the decomposition of plant cell wall polymers (1) . However, not all soil microorganisms carry this ability (2) , and some soil bacteria-the opportunists-benefit from the activity of enzymes produced by other organismsthe degraders (3, 4) . Thus, the phylogenetic distribution of enzyme genes involved in plant cell degradation is likely important for understanding the link between microbial community composition and soil ecosystem processes (2, 5) . Recent theoretical models for litter decay based on functional trait distribution (6) or functional subpopulations (guilds) (7) provide new insights into the interactions of the environmental variables (e.g., substrate availability) and the dynamics of microbial populations. These approaches require precise trait-specific phylogenomic frameworks in order to connect the functional traits or populations to phylogenetically described bacterial lineages. But at present, we have little knowledge of the overall phylogenetic distribution of many enzymes involved in plant-derived polymers.
The superfamily of glycoside hydrolases (GH) is an important group of enzymes for plant cell wall degradation (8) . GH are active on glycosidic bonds between carbohydrates or between carbohydrates and noncarbohydrate moieties. They include enzymes having different folds and catalyzing many reactions (9) . Some GH families catalyze a specific reaction, whereas other activities are found in multiple families (Table 1) . Cellulose degradation is regarded as a complex process requiring the synergistic action of multiple GH families (8) . These families include at least three described types of proteins active on ␤-1,4 glycosidic bonds: (i) endocellulases, active on internal ␤-1,4 glucosidic bonds, (ii) exocellulases degrading the polymer by its extremities, and (iii) ␤-glucosidases producing glucose from cellobiose (Table 1) (9) . Finally, many GH, including cellulases, are frequently isolated as modular enzymes associated with other catalytic and noncatalytic domains like carbohydrate binding modules (CBM) (10, 11) . Once generated outside the cell, cellooligosaccharides produced by the GH enter the cytoplasm using "cellobiose-specific" uptake systems such as the phosphotransferase system (12) or using ABC transporters (13) . Otherwise, glucose has to be generated outside the cell by secreted ␤-glucosidases and imported to the cytoplasm by "glucose transporters" (14) . Inside the cell, phosphorylated sugars are channeled to the central metabolism.
The biochemistry (the catalytic mechanisms, the kinetics, the substrate binding) of many GH is well characterized (1, (15) (16) (17) (18) . This information, together with comparisons of some structures and sequences, resulted in an accurate GH classification (9, 19, 20) . Moreover, a few cellulolytic strains have also been subjected to thorough characterization and to sequencing of their genomes (1, 15) . Recently, GH-specific annotation systems were introduced in order to precisely assign function to newly sequenced GH (21, 22) . Nevertheless, little is known about the global phylogenetic distribution of the cellulose utilization potential in microorganisms. Previous works have suggested that the ability to grow on many carbon sources is generally not randomly distributed in bacteria. Instead, it is shared by bacteria forming a cluster of closely related taxa (23, 24) . This raises the following questions: (i) what is the phylogenetic distribution of genes for cellulose utilization and (ii) are there differential phylogenetic distributions and clusterings of enzymes involved in the different steps of cellulose degradation/cellobiose utilization? To answer these questions, we present a new approach to connect the distribution of functional traits to the phylogeny of known bacterial lineages. Our results can provide a mechanistic basis for determining whether or not we should expect a link between microbial community composition and the cellulose degradation, a major prerequisite for ecosystem modeling.
MATERIALS AND METHODS
Identification of genes encoding glycoside hydrolases. Families of orthologous genes for cellulose degradation were identified following the CAZy database classification scheme (http://www.cazy.org/) (9) . For each GH family containing enzymes involved in cellulose utilization (e.g., GH5), the corresponding protein sequences were retrieved from the PFam database (e.g., PF00150) (25) . For all these proteins, the corresponding FIGfam numbers (26) were then extracted from the SEED database (http://www.theseed.org) using the SEED API server (e.g., for GH5, FIG 00002614 to FIG 00003086, among others) (27) . The SEED annotation system was considered a robust annotation system for the analysis of sequenced genomes (28) . The functions associated with the selected FIGfams were manually checked. Finally, FIGfam numbers were used to mine the FIGfam-annotated genomes hosted in the genome database of the Pathosystems Resource Integration Center (PATRIC, http: //www.patricbrc.org) (29) . Retrieved protein sequences were scanned against the PFam database using PFam-scan in order to check the annotation (25) . Finally, the number of occurrences of proteins from all the specified GH families was compiled for further analysis (see Table S1 and Fig. S1 in the supplemental material).
Following the CAZy database, ϳ6% of the proteins from the relevant GH families had been characterized. The functional annotation of the uncharacterized genes resulted from stepwise annotation transfer from similar characterized or uncharacterized enzymes. However, even closely related and characterized proteins could have different substrate specificities. Thus, most of the annotations for uncharacterized enzymes were still considered hypothetical.
The same approach, starting from the PFam database, was used to identify the distribution of the RubisCO large subunit and some genetic markers associated with pathogenic strains in the sequenced bacterial genomes (30) . Glycoside hydrolases from the family GH8 and involved in the production of cellulose in bacteria (bcsZ) were identified as they were located in the conserved "bacterial cellulose synthesis" (BCS) operon (31) .
Phylogenetic analysis. Aligned 16S rRNA sequences corresponding to the 5,123 analyzed genomes were extracted from the SILVA database (http://www.arb-silva.de/) (32) . Next, a 16S rRNA phylogenetic tree was constructed using PHYLIP (neighbor joining, distance matrix F84, 100 bootstraps) (33, 34) and displayed using the ITOL server (35) .
GH similarity profile clustering and comparisons of matrices. The strain-specific GH profiles for the 5,123 considered bacteria were compared using the Bray-Curtis similarity index. The similarity matrix produced was used for hierarchical clustering, using the Vegan package in R software (36) . Correlations between the phylogenetic distance matrices (generated using PHYLIP) and the GH-based similarity matrices were computed by applying a Mantel test using the R package for Analysis of Phylogenetics and Evolution (APE) (37) .
Phylogenetic conservation and clustering. The phylogenetic signal strength in binary traits (D) was tested running the Fritz and Purvis test with 1,000 permutations (38) , using the R package "CAPER." A D value below 0 reveals a strongly clumped distribution, D Х 0 means a "Brownian motion"-like evolutionary distribution, D Х 1 a random distribution, and D Ͼ 1 an overdispersed distribution. The "consenTRAIT" algorithm for trait depth analysis (23) was used to evaluate the phylogenetic conservation of genotypes. consenTRAIT determines the size of clusters of strains containing at least 90% of relatives sharing a common trait. The trait depth ( D ) of the cluster was then computed as the consensus 16S rRNA distance from the tips to the node corresponding to the last common ancestor of the cluster.
RESULTS
To identify the phylogenetic distribution of traits involved in the cellulose utilization, we first extracted a list of genes belonging to glycoside hydrolases (GH) for cellulose deconstruction using the CAZy database (Table 1 ). We then linked these genes to orthologous gene families in the SEED database (26) . This allowed us to identify putative GH families in 5,123 sequenced bacterial genomes (see Table S1 in the supplemental material). Enzymes from the families GH1 and GH3 were the most abundant enzymes detected in the bacterial genomes (Table 1) . Following the CAZy database, 55% and 60% of enzymes characterized from these two families appeared to be ␤-glucosidases. The non-␤-glucosidases displayed several activities, including exocellulase (1% and 5%), 6-phospho-␤-glucosidase (29% and 0%), and a few other activities. Thus, the majority of the genes from families GH1 and GH3 were related to the processing of small oligo-and disaccharides. GH5 was the most abundant protein family almost exclusively displaying endocellulase activity (74% of the characterized proteins), although a few (ϳ1%) GH5 proteins were also classified as a Data include genes described in the CAZy database (9), the number of characterized bacterial enzymes, and the presence of these genes in all bacterial sequenced genomes in the SEED database (as of 1 March 2012) (27) . Known displayed activity data represent such activities in characterized enzymes as described in CAZy. Cellulose synthesis data represent the involvement of enzymes in cellulose synthesis. Identified ortholog data represent the number of genes identified in the present work. b Some characterized proteins display several activities.
FIG 1
Phylum-specific average glycoside hydrolase gene content (expressed as genes/genome). The number of analyzed genomes from each phylum is indicated in brackets beside the phylum names.
exocellulases. The noncellulolytic GH5 included ␤-mannanase activity as well as licheninase or chitosanase. With few exceptions, enzymes from the GH8 family were endocellulases (48%) or chitosanases (40%). GH6 and GH9 were more specific for complex cellulose polymer degradation, as 81% and 88% of the characterized enzymes were endocellulases, whereas 25% and 9% displayed exocellulase activity, respectively. Notably, some of these enzymes had both activities. The enzymes from family GH12 were nearly all endocellulases (95%). Enzymes from families GH44 and GH45 were generally endo-or exocellulases, whereas those from family GH48 were almost exclusively exocellulases. Proteins from families GH44, -45, and -48 are frequently attached to other domains (catalytic and/or carbohydrate binding module) and sometimes part of complex cellulosomes. They were exclusively found in cellulolytic Clostridia, Fibrobacteres, and Paenibacillus lineages and can therefore be regarded as highly specialized enzyme families. Overall, as described in CAZy (9), it appeared that ␤-glucosidases responsible for the processing of small oligosaccharides were predominantly found in GH1 and GH3, whereas the endo-and exocellulases were mostly present in GH5, -6, -8, -9, -12, -44, -45, and -48. Distribution of GH in bacterial phyla. The abundance of genes encoding putative GH for cellulose utilization varied across bacterial phyla, but these genes were not detected in members of several phyla, including Caldiserica, Deferribacteres, and Thermodesulfobacteria (Fig. 1A) . In addition, many phyla possessed less than one GH/genome. In contrast, 10 phyla contained more than one GH, for cellulose utilization, per genome. Finally, members of several phyla, including the Firmicutes, Bacteroidetes/Chlorobi group, Fibrobacteres, Acidobacteria, and Thermotogae, on average possessed more than 5 putative enzymes per genome.
Across all phyla, GH1 and GH3 were the most abundant families (Fig. 1B) , and 79% of the analyzed genomes contained a least one gene from one of the two families. Genes from these families were found in nearly all the phyla-with a few exceptions (Caldiserica, Aquificae, Deferribacteres, and Thermodesulfobacteria). Genes associated with GH5 were the most abundant putative endo-and exocellulase-encoding genes and were detected in the Actinobacteria, Bacteroidetes/Chlorobi group, Chloroflexi, Fibrobacteres/Acidobacteria, Firmicutes, Proteobacteria, and Thermotogae (Fig. 1C) . Other GH families specific for the polymer cellulose hydrolysis (i.e., GH6, -8, -9, -12, -44, -45, and -48) were less abundant in the bacterial genomes ( Fig. 1C ; see also Fig. S2 in the supplemental material). GH6 was solely detected in Actinobacteria and Proteobacteria. Similarly, genes associated with GH9 were observed only in the genomes of some Actinobacteria, Fibrobacteres, Firmicutes, Proteobacteria, and Spirochaetes, whereas those associated with GH12 were observed exclusively in Actinobacteria, Thermotogae, Firmicutes, and Proteobacteria. Finally, genes associated with GH44, -45, and -48 were found in the genomes of some fully sequenced cellulolytic Actinobacteria, Firmicutes, and Proteobacteria.
We also identified the distribution of putative biosynthetic enzymes from GH8 and found that 64% of genes from this family were likely part of a conserved bacterial cellulose synthesis (BCS) operon (Fig. 1C) . In Proteobacteria, more than 75% of GH8 enzyme-encoding genes were likely biosynthetic. Although less abundant, these genes were also commonly observed in Aquificae and in Fibrobacteres/Acidobacteria.
Co-occurrence of glycoside hydrolases. We next determined the frequency of genomically encoded "functional types" for cellulose degradation in microorganisms. We predicted that 20% of bacteria did not have genes for GH involved in cellulose degradation and were thus unable to utilize cellulose as a carbon or energy source. A total of 56% of the lineages contained only predicted genes for ␤-glucosidase (families GH1 and/or GH3). Such strains could be considered potential opportunists, as they may use only cellobiose generated by the degradation of longer polymers by other lineages. A total of 24% of the bacterial genomes possessed genes for hypothetical cellulase and ␤-glucosidase and could be regarded as potential cellulose degraders. Finally, less than 1% of the analyzed genomes contained a gene(s) for cellulase but not for ␤-glucosidase. In these genomes, genes encoding GH from families GH5, -6, -8, -9, -12, -44, -45, and -48 may produce an enzyme other than cellulose (e.g., endo-␤-1,4-mannosidase from the GH5 family) or cellulases involved in cellulose production (39, 40) , nonhydrolytic interaction (41), or endophytic colonization (42) instead of cellulose degradation. These pathways do not require ␤-glucosidases. Alternatively, we may not have identified all ␤-glucosidases in these sequenced genomes.
We observed extensive variations of these three functional types ("no interest," potential opportunist, and potential degrader) within each phylum. Potential cellulose degraders accounted for less than 32% of the strains and were rare or absent from several phyla (Fig. 2) . However, the potential degraders were common in Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes/Chlorobi and accounted for 32%, 27%, 22%, and 8% of the sequenced strains, respectively. We also found an elevated number of genes for putative ␤-glucosidases in potential degraders (Fig. 2, B value) compared to potential opportunists (Fig. 2, A  value) . Considered as a whole, 50% of the potential opportunists had 1 or 2 ␤-glucosidases, whereas more than 75% of the potential cellulose degraders had more than 2 of these enzymes. Also, 50% of the strains defined as potential cellulose degraders possessed several orthologous genes for possible cellulases (see Fig. S3 in the supplemental material).
In our data set, most of the bacteria appear to be probable opportunists. These organisms have only a predicted ␤-glucosidase activity-albeit at times they contained multiple genes for this activity. The potential cellulose degraders generally contained several putative cellulases and many ␤-glucosidases. However, potential opportunists and degraders had GH content that varied extensively even at the intraphylum level. This suggested that some important variations occurred at lower taxonomic levels.
Phylogenetic distribution of GH families at lower taxonomic levels. Since the GH content was not homogeneously distributed within each phylum, we next investigated the detailed phylogenetic distribution of GH. This was done in order to identify clusters of organisms sharing similar GH content and to determine their phylogenetic relatedness. First, we evaluated the overall relationship between the 16S rRNA phylogeny and the global GH distribution (Fig. 3) but observed no clear correlation (Mantel test, r m ϭ 8.81e-6, P ϭ 0.5). Indeed, Fig. 1 and 3 illustrate the extensive variability in the GH content across the bacterial tree. Within each GH group, we saw a slightly different pattern. ␤-Glucosidases from GH1 and GH3 were present in most lineages and followed a nonrandom phylogenetic distribution ( Table 2 ). The genes from these two families were generally clustered in clades with a clade depth ( D ) of ϳ0.02 16S rRNA distance ( Table 2 ). The GH genes encoding endo-and exocellulases were also nonrandomly phylogenetically dispersed but occurred in cluster sizes that were on average smaller than those seen with GH1 and GH3. However, we mainly detected these cellulase clusters in Proteobacteria, Firmicutes, and Actinobacteria. Some of these clusters included groups of well-characterized cellulolytic organisms such as Clostridia and Streptomyces.
Next, we examined the phylogenetic distribution of the functional types over our entire data set (Table 2) . Overall, we found that the potential degraders formed small clusters (ϳ4.3 bacteria/ cluster) of closely related strains ( D ϭ 0.013 16S rRNA distance). In contrast, the strains having only genes for GH1 or -3 formed bigger clusters (ϳ12.2 bacteria/cluster). Thus, our analysis showed that GH as well as functional types for cellulose degradation in bacteria were phylogenetically nonrandom and more resembled a Brownian motion-type evolution. The smaller clades of potential cellulose degraders suggested some specialization of these organisms.
We also analyzed the distribution of the different strategies in
FIG 3
Strain-specific glycoside hydrolase distribution in bacteria. The consensus phylogenetic tree was based on a 16S rRNA alignment retrieved from the SILVA database (32) and constructed using Phylip (distance matrix F84, neighbor joining, 100 bootstraps) (34) . The outer circles show the absence (white) or the presence of one copy (red) or multiple copies (blue) of genes from a considered GH family in each genome.
specific phylogenetic groups (Fig. 3) . We found that the GH content similarity increased when more closely related strains were considered. To illustrate this point, we analyzed the distribution of GH families in detail in Actinobacteria, as most of their subgroups have been intensively studied and sequenced (43) . These organisms were also regarded as important for cellulose degradation in soil (2) . In the 514 analyzed genomes from this phylum, 20% of the genomes contained no gene for GH related to the cellulose utilization, 47% were considered potential opportunists, and 32% were identified as potential cellulose degraders. Within the phylum, there was a significant correlation between GH content and phylogeny (Mantel test, P Ͻ 0.0001) as clusters of phylogenetically related bacteria displayed homogeneous gene content (Fig. 4) . Roughly, Propionibacteriaceae contained a low frequency of GH involved in the cellulose utilization, whereas organisms affiliated with Streptomycineae, although highly variable, contained on average 10 orthologous genes for possible ␤-glucosidase and four genes for hypothetical cellulase (Fig. 4 and 5) . Thus, despite extensive variation in GH content, it appeared that the potential for cellulose utilization and the lack of potential were partially conserved within Actinobacteria. The distribution of the three functional types at different taxonomic ranks was investigated following the complete taxonomic identification of each strain of the Actinobacteria. The three strategies were observed in the 514 strains of the class Actinobacteria. But when lower taxonomic ranks were considered, the proportion of taxa composed of bacteria having similar strategies increased (see Fig. S4 in the supplemental material) . However, taxa with bacteria displaying different strategies were still observed at lower ranks, as 16% and 3% of the 96 species and 277 subspecies analyzed displayed two or more described functional types, respectively. We assumed that these low-level variations resulted from gene gain and loss events.
Lifestyles. We observed that the phylogeny and the GH genomic content of the bacteria were partially correlated, at least at lower taxonomic ranks. To identify possible mechanisms for this variation, we examined how bacterial lifestyle might affect the frequency of the GH types (␤-glucosidases and cellulases). We first observed that facultative autotrophic organisms possessed fewer GH genes than heterotrophic organisms. Also, parasitic lineages such as Legionella, Vibrio, Yersinia, Salmonella, and Mycobacterium were analyzed, but these lineages generally contained few GH (Fig. 5) . Thus, these variations in lifestyle may explain some of the phylogenetic variation in GH content that we observed in bacteria.
DISCUSSION
For decades, linking microbial community composition and function has been challenging. Nowadays, however, the availability of an increasing amount of sequenced genomes and consistent annotation systems provides one way to link phylogeny and the distribution of functional traits. Based on this idea, the phylogenetic distribution of 21,985 enzymes-genes related to the cellulose utilization in 5,123 sequenced bacterial genomes is identified here. This information has greatly expanded our knowledge of which microbial lineages have the metabolic potential to utilize cellulose and the byproducts of cellulose degradation. Further, we have observed extensive variation in this capability within each phylum. Our analysis of sequenced microbial genomes reveals that 20% of the analyzed strains have no relevant enzymes and are unlikely to utilize ␤-1,4 glucoside bond molecules as a carbon or energy source. A part of this group consists of parasites and facultative autotrophs. In contrast, we find that the majority (56%) of prokaryotes possess genes for enzymes allowing them to feed only on small oligosaccharides and cellobiose. These opportunists can potentially be considered "cheaters" (3), as they may take advantage of the degraders that produce exo-and endocellulases (24%).
We observe extensive interphylum diversity of the GH content, but the phylogenetic distribution of GH in sequenced genomes is clustered nonrandomly and mostly follows a Brownian motion-type evolution (i.e., species that are more closely related tend to have traits that are more similar). ␤-Glucosidases are widely distributed and form clades roughly at the genus level. In addition, putative cellulase-producing organisms form clusters of organisms having a 16S rRNA similarity equivalent to a common definition of a microbial "species." The clustering level of ␤-glucosidase-producing bacteria is supported by a previously independently obtained value for the in vivo ability of 738 bacterial strains to use cellobiose as a sole carbon source (23) . As an example of this clustering, cellobiose utilization is common in Actinobacteria, but only a few clades within this phylum are putatively capable of cellulose degradation. This (38) and compared to the probability that the considered trait will follow "random" or "Brownian" evolution. Average cluster size (ACS) and depth ( D , in 16S rRNA sequence distance) were estimated using consenTRAIT (23) .
clustered phylogenetic distribution of a putative cellulose degradation potential in bacteria is an important parameter for understanding the linkage between microbial community composition and cellulose degradation. A minority of lineages are described as potential cellulose degraders in our database. However, the abundance of degraders may have an important structuring effect on the overall community due to the large contribution of plant polymers to the overall carbon pool in soil ecosystems (2) . The analysis of the GH distribution also reveals what appears to be a redundancy of seemingly similar predicted functions for both ␤-glucosidase and cellulase in microorganisms. Putative cellulose degraders have between 1.2 and 2.7 more ␤-glucosidase genes from GH1 and GH3 than from their noncellulolytic relatives. The end product of the cellulose hydrolysis by endo-and exocellulases is cellobiose. This molecule is a glucose disaccharide having multiple properties: it is (i) a repressor of the cellulolytic machinery (44) and (ii) an inhibitor of the cellulases (45) . A model for cellulose deconstruction suggests that the cellobiose concentration can increase rapidly during the cellulolysis and inhibit cellulase activity. Thus, increasing the ␤-glucosidase activity by having multiple enzymes may facilitate a more efficient cellulose degradation. This process has been demonstrated both in vitro and in vivo (45, 46) . Alternatively, these seeming similar putative ␤-glucosidases may have slightly differentiated functions. These can include distinct substrate specificities, biochemical properties (e.g., pH opt , T opt ), and regulation. Indeed, the plant cell wall deconstruction, as a whole, is considered a complex process requiring many enzymes. Their expression is assumed to be a response to the availability of specific substrates (44, 47) .
We also observe redundancy in GH genes encoding putative polymer cellulose degradation. In our data set, potential cellulose degraders represent 24% of the analyzed strains, and 50% of these possess a plurality of genes for cellulases. Unfortunately, thorough and integrated characterizations of the cellulolytic systems expressed by fully sequenced plant cell wall degraders are unevenly represented. However, there is some evidence that an increase in GH diversity and abundance results in improved cellulose utilization abilities (1, 48) . Thus, we speculate that a presence of seemingly redundant genes allows the bacteria to remain active in a wide range of environmental conditions (pH, substrate availability, temperature, etc.).
The idea of the widespread presence of genes encoding putative ␤-glucosidases is supported by the sequencing of several genomes/ metagenomes (9, (49) (50) (51) (52) . In this report, we show that genes for GH1 and -3 are also abundant in most of the microbial genomes. Many environmental studies have measured ␤-glucosidase activity as a way to understand the potential of microbial communities to degrade plant polymers (53, 54) . However, we show that traits having potential ␤-glucosidase function are very common among
FIG 4
Comparison of the clustering of Actinobacteria based on GH content (left) and 16S rRNA phylogeny (right). The consensus phylogenetic tree was based on a 16S rRNA alignment retrieved from the SILVA database and constructed using Phylip (distance matrix F84, neighbor joining, 100 bootstraps). GH clustering was based on a Bray-Curtis dissimilarity index measured for the pairwise comparison of the glycoside hydrolase families involved in cellulose degradation of each sequenced genome (1 gene, blue; 2 genes, red; Ͼ2 genes, green). The gray lines connect identical strains in the displayed clustering. microbial lineages-especially in comparison to cellulose degradation potential-and many noncellulolytic organisms contain a putative ␤-glucosidase. This result is consistent with the observation that ␤-glucosidase activity in soil commonly is stable and high (54, 55) . It suggests that ␤-glucosidase activity is common in most ecosystems and therefore a limited indicator of the cellulytic potential of a microbial community.
It is worth noting that our data set may be biased toward organisms that are involved in diseases. However, recent sequencing efforts have expanded the representation of non-disease-related microorganisms and our data set covers 28 phyla. In less-characterized phyla, the detection of GH may be difficult (56) . Thus, our data likely represent a lower bound of the distribution of the considered GH families in nature. It is also important to recognize that not all glycoside hydrolase genes analyzed here encode proteins involved in the degradation of cellulose or oligosaccharides (15) . Based on our analysis, at least 75% of the cellulases from GH8 are involved in the cellulose production in Proteobacteria. These cellulases may be involved in a transglycosylation reaction but have hydrolytic activity on cellulose analogs (e.g., carboxymethyl cellulose [CMC]) (31, 39, 57) and are thus frequently identified as hydrolytic cellulases. Although we have been careful in identifying putative biosynthetic enzymes, it is possible that other genes may have been misclassified, as some of these enzymes have been located outside the BCS operon (31) and/or as part of other GH families (39, 40) .
In addition, less than 600 proteins from the GH families considered here have been biochemically confirmed. Thus, the functional annotation of most of the 21,985 presented traits remains hypothetical. However, it seems unlikely that new functional evidence would change our general findings on the phylogenetic distribution of the potential for cellulose utilization.
Interestingly, the glycoside hydrolases involved in the chitin utilization (i.e., chitinase and N-acetyl-glucosaminidase) display similar clustering patterns. Indeed, chitinases active on the polymeric substrate are found in small and highly clustered clades (Ͼ98% 16S rRNA similarity), whereas N-acetylglucosaminidases are identified in larger clusters (Ͻ98% 16S rRNA similarity) (24) . Together with our findings, this suggests that genes involved in the processing of short and easy-to-metabolize substrates (e.g., cellobiose, N-acetylglucosamine) are broadly distributed in bacterial lineages, unlike the genes for polymer degradation. This also reveals that the vast majority of the bacterial lineage is unable to interact directly with the two most abundant polymers present on Earth and rely on enzyme producers to release short substrates. Nevertheless, linking the natural microbial community structure and the process of polymer deconstruction is a complex task. However, it is assumed that the fitness of each environmental strain is strongly associated with its strategy regarding polymer utilization (opportunist, degrader), with the distribution of the strategies of others, and with the qualitative variability of resources (6) .
Little is known about the vast majority of the naturally occurring bacteria regarding their ability to interact with plant-derived material (58) . Thus, as presented here, connecting the functional traits to phylogenetically described bacterial lineages in a phylogenomic framework is a valuable input for ecosystem modeling. Our approach discriminates the phylogenetic levels of the functional status: the potential cellulose degraders and the potential opportunists are not clustered at the same 16S rRNA distance. Further, we provide information on the functional status of each bacterial lineage/taxon regarding its potential for cellulose utilization. Thus, given the knowledge of the composition of microbial consortia (e.g., 16S rRNA diversity and abundance), our general framework can facilitate an identification of the cellulolytic potential of environmental communities. This is important for understanding the functioning of the microbial soil ecosystem, as cellulose deconstruction is a key aspect of the C cycling.
